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SalinityThe estuarine crab Neohelice granulata was exposed (96 h) to a sublethal copper concentration under two
different physiological conditions (hyperosmoregulating crabs: 2 ppt salinity, 1 mg Cu/L; isosmotic crabs:
30 ppt salinity, 5 mg Cu/L). After exposure, gills (anterior and posterior) were dissected and activities of en-
zymes involved in glycolysis (hexokinase, phosphofructokinase, pyruvate kinase, lactate dehydrogenase),
Krebs cycle (citrate synthase), and mitochondrial electron transport chain (cytochrome c oxidase) were an-
alyzed. Membrane potential of mitochondria isolated from anterior and posterior gill cells was also evaluated.
In anterior gills of crabs acclimated to 2 ppt salinity, copper exposure inhibited hexokinase, phosphofructo-
kinase, pyruvate kinase, and citrate synthase activity, increased lactate dehydrogenase activity, and reduced
the mitochondrial membrane potential. In posterior gills, copper inhibited hexokinase and pyruvate kinase
activity, and increased citrate synthase activity. In anterior gills of crabs acclimated to 30 ppt salinity, copper
exposure inhibited phosphofructokinase and citrate synthase activity, and increased hexokinase activity. In
posterior gills, copper inhibited phosphofructokinase and pyruvate kinase activity, and increased hexokinase
and lactate dehydrogenase activity. Copper did not affect cytochrome c oxidase activity in either anterior or
posterior gills of crabs acclimated to 2 and 30 ppt salinity. These ﬁndings indicate that exposure to a sublethal
copper concentration affects the activity of enzymes involved in glycolysis and Krebs cycle, especially in an-
terior (respiratory) gills of hyperosmoregulating crabs. Changes observed indicate a switch from aerobic to
anaerobic metabolism, characterizing a situation of functional hypoxia. In this case, reduced mitochondrial
membrane potential would suggest a decrease in ATP production. Although gills of isosmotic crabs were
also affected by copper exposure, changes observed suggest no impact in the overall tissue ATP production.
Also, ﬁndings suggest that copper exposure would stimulate the pentose phosphate pathway to support
the antioxidant system requirements. Although N. granulata is very tolerant to copper, acute exposure to
this metal can disrupt the energy balance by affecting biochemical systems involved in carbohydrate
metabolism.
© 2012 Elsevier Inc. Open access under the Elsevier OA license. 1. Introduction
Aquatic organisms are subject to a series of environmental chal-
lenges such as salinity, temperature, and dissolved oxygen changes,
as well as exposure to chemical contaminants. Coping with these
challenges requires a series of physiological and biochemical adapta-
tions to maintain the metabolic homeostasis. Regarding contami-
nants, copper is one of the most studied metals, especially because
it is essential to aquatic animals, playing a key functional role in
hemocyanin, the respiratory pigment in crustaceans. However, it isio Grande (FURG), Instituto de
.203-900, Rio Grande, RS, Brazil.
i).
e Elsevier OA license. toxic to aquatic animals when at excessive concentrations in the
water (White and Rainbow, 1982). Although dietborne copper uptake
is a major route of copper accumulation in some crustaceans, dissolved
copper uptake ismore toxic and could be an important route in contam-
inated waters (Chang and Reinfelder, 2002; Lauer and Bianchini, 2010;
Pinho and Bianchini, 2010).Waterborne copper toxicity is usually asso-
ciatedwith the amount ofmetal bound to a biotic ligand like the ﬁsh gill
membrane (Paquin et al., 2000, 2002; Arnold et al., 2005).
Metal bioavailability depends on the water chemistry. In fact, the
amount of copper complexing [Cl−, SO42−, natural organic matter,
S2O32−, sulﬁdes, Br−, and B(OH)4−] and competing (Na+, Mg2+, Ca2+,
K+, e Sr2+) agents augments at increasing salinities, offering a certain
degree of protection against copper toxicity (Wright, 1995). However, ev-
idence indicates that animal physiology is even more important than
water chemistry to explain changes in copper toxicity across different
water salinities. This would suggest that copper may display differential
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are being tested (Grosell et al., 2007).
Among the different physiological and biochemical disturbances in-
duced by copper, it was shown that exposure to this metal negatively
affects glycolysis (Hansen et al., 1992; Satyaparameshwar et al., 2006;
Carvalho and Fernandes, 2008), Krebs cycle (Balavenkatasubbaiah et
al., 1984; Couture and Kumar, 2003), ionic and osmotic regulation
(Stagg and Shuttleworth, 1982; Wilson and Taylor, 1993; Grosell et
al., 2004a,b; Pinho et al., 2007), acid–base balance (Boitel and Truchot,
1990; Wilson and Taylor, 1993; Skaggs and Henry, 2002; Bielmyer et
al., 2005; Blanchard and Grosell, 2006), ammonia excretion (Larsen et
al., 1997; Grosell et al., 2003; Blanchard and Grosell, 2006), oxygen con-
sumption (Katticaran and Salih, 1992; Santos et al., 2000; Manyin and
Rowe, 2009), and growth (Santos et al., 2000; Manyin and Rowe,
2009). Most of these effects can be directly or indirectly associated
with an insufﬁcient production of energy to maintain cell metabolism
and homeostasis. At extreme conditions, this situation can even lead
to death.
Most of the information on physiological and biochemical effects
of copper on aquatic animals is derived from studies on freshwater
ﬁsh and crustaceans. Therefore studies in brackish and saltwater ani-
mals are needed for a better understanding of the toxic effects of cop-
per across a wide range of water salinities. Neohelice granulata is a
euryhaline crab inhabiting salt marshes from estuaries and lagoons
along the Atlantic coast of South America. It tolerates water salinities
ranging from 0 to 40 ppt salinity, with an isosmotic point close to 29 ppt
salinity, hyperosmoregulating at lower salinities and hyposmoregulating
at higher salinities. Biochemical and physiologicalmechanisms associated
with the species ability to iono- and osmoregulate at different salinities
were recently reviewed (Bianchini et al., 2008). Also, tolerance to copper
was previously evaluated and shown to be very high and dependent on
both acclimation salinity andpresence of food in thewater. In the absence
of food, copper concentration inducing 50% mortality after 96 h of expo-
sure (96-h LC50) ranged from 0.028 to 91.2 mg Cu/L for water salinities
ranging from 0.1% seawater to 30 ppt salinity. In the presence of food, it
ranged from 0.422 to 120 mg Cu/L, respectively. The highest concentra-
tion of copper not inducingmortality after 96 h of exposurewas reported
as being 1 and 5 mg Cu/L in crabs acclimated to brackish and seawater,
respectively (Bianchini et al., 2003).
Considering this background, the effects of sublethal concentra-
tions of copper on the activity of enzymes associated with glycolysis
(hexokinase, phosphofructokinase, pyruvate kinase, lactate dehydro-
genase), Krebs cycle (citrate synthase), and electron transport chain
(cytochrome c oxidase) were evaluated in gills (anterior and poste-
rior) of N. granulata subjected to two different physiological condi-
tions (hyperosmoregulating crabs: 2 ppt salinity; isosmotic crabs:
30 ppt salinity). The inﬂuence of copper exposure on the mem-
brane potential of mitochondria isolated from gill cells was also
considered in the present study. As a higher amount of energy would
be necessary to cope with the extremely low salinity (2 ppt salinity)
than with the salinity close to the isosmotic point (30 ppt salinity),
we hypothesize that a more signiﬁcant impact of copper exposure
would be seen in gills of hyperosmoregulating crabs than in gills of isos-
motic ones.2. Material and methods
2.1. Crab collection and maintenance
Adult male crabs (N. granulata) were collected in salt marshes of
the Patos Lagoon estuary (Southern Brazil) and acclimated to labora-
tory conditions for at least 2 weeks. Crabs were kept in 250-L tanks
containing aerated salt water (2 or 30 ppt salinity), under ﬁxed tem-
perature (20 °C) and photoperiod (12 h L: 12 h D). Crabs were fed
ground beef three times a week until satiation.2.2. Copper exposure
Acclimated crabs (n=10)were exposed (96 h) to copper in aquaria
containing 2 L of water at the desired salinity. Copper (as CuCl2) was
added to water from a stock solution (1 g Cu/L). Copper concentrations
tested were 1 and 5 mg Cu/L for salinities 2 and 30 ppt salinity, respec-
tively. These concentrations were shown to be the highest non-lethal
concentrations of copper to N. granulata under the same experimental
conditions employed in the present study, at the respectivewater salin-
ity tested. Furthermore, they are toxicologically equivalent since they
have similar concentrations (~4.5×10−6 mol/L) of free copper ion
(Bianchini et al., 2003), the most toxic dissolved copper species. We
are aware that copper concentrations in saltwater are much lower
than those tested in the present study. However, it is important to stress
that copper can be found accumulated at extremely high levels in tis-
sues of estuarine and marine invertebrates, especially crustaceans and
mollusks. For example, copper tissue burden was reported to range
from 18 to 282 μg/g dry mass in several estuarine and marine inverte-
brates, including crustaceans (Boyden and Romeril, 1974). Even much
higher levels (95.5–6480 μg/g dry mass) were reported for mollusks
(Han and Hung, 1990). It is important to note that the estuarine crab
N. granulata exposed in our laboratory to experimental conditions sim-
ilar to those employed in the present study showed levels of copper ac-
cumulation in tissues, including gills, ranging from 200 to 900 μg/g dry
mass (Ribeiro, 2006). Therefore, considering the premise that there is a
correlation between the amount of copper accumulated in the target
organ (gills) and its toxicity (Santore et al., 2001), we consider that
the exposure conditions applied in the present study are suitable to
evaluate the sublethal effects of acute waterborne copper exposure in
the estuarine crab N. granulata acclimated to different water salinities.
Experimental media were completely renewed every 24 h and
copper was added to the media 24 h prior crab introduction into
the test chamber. A control group (no copper added to the water)
was also tested in each experimental water salinity. Temperature
(20 °C) and photoperiod (12 h L: 12 h D) were ﬁxed. No food was
provided to crabs during copper exposure. A ﬁrst experiment was
performed to collect samples for glycolysis and Krebs cycle enzyme
assays. A second experiment was performed to collect samples for
mitochondrial membrane potential and cytochrome c oxidase activity
measurements.
After copper exposure, crabs were cryoanesthetized, and gills
(anterior and posterior) were dissected and frozen (−80 °C) until
enzyme analysis or pooled (2 crabs per pool) and homogenized
for mitochondria isolation.
2.3. Glycolysis and Krebs cycle enzymes assays
Glycolytic and Krebs cycle enzymes were assayed according to Lallier
andWalsh (1991) with slight modiﬁcations. Gills were homogenized for
5 min in ice-cold buffer (50 mM imidazole; 0.1 mMPMSF; pH 7.8) using
a Potter-type homogenizer provided with a semi-micro plastic pestle.
The homogenized obtained was centrifuged (10,000 g; 20 min; 4 °C)
and the supernatant was used as enzyme source. Enzymes were assayed
spectrophotometrically using a microplate reader (ELx808IU, BioTek
Instruments, Inc, Winooski, VT, USA). Glycolytic enzymes (hexokinase,
EC 2.7.1.1; phosphofructokinase-1, EC 2.7.1.11; pyruvate kinase, EC
2.7.1.40; lactate dehydrogenase, EC 1.1.1.27) assays were buffered with
50 mM imidazole (pH 7.4) and the NAD+/NADH oxidation/reduction
was followed at 340 nm. Krebs cycle enzyme (citrate synthase; EC
2.3.3.1) assay was buffered with 50 mM HEPES (pH 8.1), and DTNB
reduction was followed at 405 nm. All assays were performed at
25 °C and speciﬁc conditions were used for each assay as follows
(ﬁnal concentrations): hexokinase (5 mM MgCl2, 1 mM D-glucose,
0.16 mM NAD+, 2 U/mL glucose-6-phosphate dehydrogenase from
Leuconostoc mesenteroides, and 1 mM ATP); phosphofructokinase-1
(10 mMMgCl2, 50 mMKCl, 2 mMATP, 0.12 mMNADH, 1 U/mLaldolase,
Table 1
Summary of results of controls versus copper-exposed crabs. “−” indicates reduction re-
spectwith control animals. “+” indicates an increase respect with control animals. “no” in-
dicates no effect observed. HK= hexokinase, PFK= phosphofructokinase, PK= pyruvate
kinase, LDH= lactate dehydrogenase, CS= citrate synthase, CCO=cytochrome c oxidase,
MMP =mitochondrial membrane potential.
Salinity Gill type HK PFK PK LDH CS CCO MMP
2 ppt Anterior − − − + − No −
Posterior − No − No + No No
30 ppt Anterior + − No No − No No
Posterior + − − + No No No
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drogenase, and 3 mM fructose-6-phosphate); pyruvate kinase (10 mM
MgCl2, 30 mM KCl, 2.5 mM ADP, 0.12 mM NADH, 20 U/mL lactate de-
hydrogenase, and 0.5 mM phosphoenolpyruvate); lactate dehydroge-
nase (2 mM pyruvate and 0.12 mM NADH); citrate synthase (0.1 mM
acetylcoenzyme A, 0.1 mM DTNB, and 0.5 mM oxaloacetate).
2.4. Mitochondria isolation
Procedures for mitochondria isolation were adapted from Parrino
et al. (2000). Gills were gently homogenized in 6 mL of a buffer solu-
tion (530 mM sucrose, 200 μM EGTA, 1 mM EDTA, 20 mMHEPES and
0.5% bovine serum albumin; pH 7.5), as described above. The homog-
enized obtained was centrifuged (1600 g) for 12 min at 4 °C. The su-
pernatant was collected and centrifuged (7100 g) for 15 min at 4 °C.
The pellet was suspended with a respiration buffer solution (303 mM
sucrose, 90 mM KCl, 25 μM EGTA, 4 mM KH2PO4, and 20 mM HEPES;
pH 7.5). Isolated mitochondria were kept on ice until cytochrome c
oxidase activity and membrane potential measurements, as described
below.
2.5. Mitochondrial membrane potential measurement
Mitochondrial membrane potential was assessed using the
cationic ﬂuorescence probe JC-1 (5,5′,6,6′-tetrachloro-1,1′,3,3′-
tetraethylbenzimidazolcarbocyanineiodaide; Sigma-Aldrich, USA).
At low concentrations (less than 300 nM), this probe exists as a green
ﬂuorescent monomer (excitation: 485 nm; emission: 530 nm). How-
ever, at high concentrations (>1 mM) a very strong red-orange ﬂuores-
cence occurs (excitation: 485 nm; emission: 530 nm) due to the
formation of dye aggregates. Therefore, low membrane potentials will
show green ﬂuorescence while high ones will present a red-orange
ﬂuorescence, since more of the dye enters the mitochondria as is accu-
mulated in the matrix, forming the aggregates (Reers et al., 1995).
Measurements were performed in aliquots of isolated mitochon-
dria (10 μL) and JC-1 solution (90 μL) pipetted into wells of a 96-
well microplate. The JC-1 solution was prepared from a stock solution
(40 μg/L in ethanol) by 200-fold dilution in a buffer solution containing
110 mMKCl, 10 mMMgCl2, 1 mMEGTA, 20 mMHEPES, 10 mMsodium
succinate, and 10 mM ATP. After incubation (20 °C) for 1 h in the dark,
ﬂuorescence generated in the reaction mixture was read (excitation:
485 nm; emission: 590 nm) using a ﬂuorometer (Victor 2, Perkin-
Elmer, Waltham, MA, USA).
2.6. Cytochrome c oxidase assay
After the mitochondrial membrane potential measurement, isolat-
ed mitochondria were ruptured by three rounds of freeze/thaw, and
cytochrome c oxidase (EC 1.9.3.1) activity was assayed according to
Kirby et al. (2007), following the oxidation of reduced cytochrome c
at 550 nm. The reaction medium contained (ﬁnal concentration):
20 mM KH2PO4 (pH 7.0), 0.45 mM n-dodecyl-β-D-maltoside, and
15 μM reduced cytochrome c. After addition of an aliquot of isolated
mitochondria, absorbance was read for 10 s.
2.7. Data analysis
Data were expressed as mean±SEM. Differences between gills
(anterior and posterior) and crab groups (control and copper-exposed)
acclimated to the samewater salinity (2 or 30 ppt salinity)were assessed
by two-way analysis of variance (ANOVA) followed by the Tukey's test.
Difference in enzyme activity between crabs acclimated to 2 and 30 ppt
salinity was assessed for both anterior and posterior gills of control
crabs using the Student t-test. Data normality and homogeneity of vari-
ances were previously veriﬁed. In all cases, the signiﬁcance level adopted
was 95% (α=0.05).3. Results
As expected, no crab mortality was observed in either control or
copper-exposed crabs over the 96-h period of test in 2 and 30 ppt sa-
linity. Table 1 summarizes the results of all parameters analyzed of
control versus copper-exposed crabs.
In control crabs, no signiﬁcant difference was observed in hexoki-
nase activity between anterior and posterior gills of crabs acclimated
to 2 ppt salinity. However, anterior gills showed a lower enzyme ac-
tivity than posterior ones in crabs acclimated to 30 ppt salinity. Hexo-
kinase activity was higher in both anterior and posterior gills of crabs
acclimated to 2 ppt salinity than in those acclimated to 30 ppt salin-
ity. In copper-exposed crabs, a reduced hexokinase activity was ob-
served in both anterior and posterior gills of crabs acclimated to
2 ppt salinity. However, copper exposure increased the enzyme activ-
ity in both anterior and posterior gills of crabs acclimated to 30 ppt
salinity (Fig. 1).
Phosphofructokinase activity was higher in anterior than in poste-
rior gills of control crabs acclimated to 2 or 30 ppt salinity. In both an-
terior and posterior gills, no signiﬁcant effect of water salinity on
enzyme activity was observed. In copper-exposed crabs, a reduced
phosphofructokinase activity was observed in anterior gills of crabs
acclimated to 2 ppt salinity and in both anterior and posterior gills
of those acclimated to 30 ppt salinity (Fig. 2).
Pyruvate kinase activity was similar in anterior and posterior gills
of control crabs acclimated to 2 ppt salinity. However, it was lower in
anterior than in posterior gills of crabs acclimated to 30 ppt salinity.
Anterior gills of crabs acclimated to 2 ppt salinity showed higher py-
ruvate kinase activity than those of crabs acclimated to 30 ppt salini-
ty. However, no effect of the acclimation salinity was observed in
posterior gills. In copper-exposed crabs, a reduced pyruvate kinase
activity was observed in both anterior and posterior gills of crabs ac-
climated to 2 ppt salinity. In those acclimated to 30 ppt salinity, copper
exposure reduced the enzyme activity only in posterior gills (Fig. 3).
No signiﬁcant difference in lactate dehydrogenase activity was ob-
served between anterior and posterior gills of control crabs acclimat-
ed to 2 or 30 ppt salinity. Also, no effect of the acclimation salinity
was observed on enzyme activity in anterior gills. However, a higher
lactate dehydrogenase activity was observed in posterior gills of con-
trol crabs acclimated to 2 ppt salinity than in those acclimated to
30 ppt salinity. Copper exposure increased the enzyme activity in an-
terior and posterior gills of crabs acclimated to 2 and 30 ppt salinity,
respectively (Fig. 4).
Citrate synthase activity was lower in anterior than in posterior gills
of control crabs acclimated to either 2 or 30 ppt salinity. Anterior and
posterior gills of control crabs acclimated to 2 ppt salinity showed a
higher enzyme activity than those of control crabs acclimated to
30 ppt salinity. Copper exposure inhibited citrate synthase activity in
anterior gills of crabs acclimated to 2 or 30 ppt salinity. However, an in-
creased enzyme activity was observed in posterior gills of crabs accli-
mated to 2 ppt salinity after exposure to copper (Fig. 5).
No signiﬁcant difference in cytochrome c oxidase activity was ob-
served between anterior and posterior gills of control crabs acclimated
to either 2 or 30 ppt salinity. Anterior gills of control crabs acclimated
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Fig. 1. Hexokinase activity in anterior and posterior gills of control and copper-exposed
crabs at 2 and 30 ppt salinity. Different same-case letters indicate differences between
treatments at 2 and 30 ppt salinity, respectively. * denotes difference between anterior
or posterior gills of control crabs acclimated to 2 and 30 ppt salinity. Data are expressed
as mean±SEM (n=10).
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Fig. 3. Pyruvate kinase activity in anterior and posterior gills of control and copper-
exposed crabs at 2 and 30 ppt salinity. Different same-case letters indicate differences
between treatments at 2 and 30 ppt salinity, respectively. * denotes difference be-
tween anterior or posterior gills of control crabs acclimated to 2 and 30 ppt salinity.
Data are expressed as mean±SEM (n=10).
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crabs acclimated to 30 ppt salinity. However, no signiﬁcant effect of ac-
climation salinity was observed in posterior gills. Copper exposure did
not affect cytochrome c oxidase activity in either anterior or posterior
gills of crabs acclimated either to 2 or 30 ppt salinity (Fig. 6).
Mitochondria isolated from anterior gills of control crabs acclimated
to 2 ppt salinity showed higher membrane potential than the posterior
ones, while no difference was observed between gills of control crabs
acclimated to 30 ppt salinity. Mitochondria isolated from both gills of
crabs acclimated to 30 ppt salinity exhibited higher membrane poten-
tial than those from crabs acclimated to 2 ppt salinity. Copper exposure
reduced the membrane potential of mitochondria isolated from anteri-
or gills of crabs acclimated to 2 ppt salinity, while no effect was ob-
served in posterior gills. Also, no change in membrane potential of
mitochondria isolated from anterior or posterior gills of crabs acclimat-
ed to 30 ppt salinity was observed after copper exposure (Fig. 7).4. Discussion
In the present study, signiﬁcant differences in enzyme activities were
observedbetween gill types (anterior andposterior gills) of the estuarine
crab N. granulata acclimated to 2 ppt salinity (hyperosmoregulating0
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Fig. 2. Phosphofructokinase activity in anterior and posterior gills of control and
copper-exposed crabs at 2 and 30 ppt salinity. Different same-case letters indicate dif-
ferences between treatments at 2 and 30 ppt salinity, respectively. No signiﬁcant dif-
ference was observed between anterior or posterior gills of control crabs acclimated
to 2 and 30 ppt salinity. Data are expressed as mean±SEM (n=10).crabs) or 30 ppt salinity (isosmotic crabs). Like in other brachyuran
decapod crustaceans, anterior and posterior gills from N. granulata
have distinct morphology and physiology, with anterior gills being spe-
cialized in gas exchange and ammonia excretion, and posterior gills
being responsible for salt transporting processes (Genovese et al., 2000;
Luquet et al., 2000; for review: Bianchini et al., 2008). Therefore, differ-
ences in enzyme activities observed in the present study within pair of
gills (anterior and posterior) would be likely related to their respective
functional role.
In addition to differences associated with the gill type, as expected
changes in the activity of several enzymeswere also observed according
to the crab acclimation salinity. In fact, acclimation to different salinities
was also shown to induce several structural, biochemical and physio-
logical changes in N. granulata (Genovese et al., 2000; Luquet et al.,
2000; for review: Bianchini et al., 2008). In a broad view, gill enzymes
from control N. granulata acclimated to 2 ppt salinity exhibited higher
activity than those acclimated to 30 ppt salinity. In fact, one expects
that hyperosmoregulating crabs require more energy at 2 ppt salinity
than the isosmotic ones at 30 ppt salinity, especially at the gills level.
Nery and Santos (1993) evaluated the carbohydrate metabolism of
N. granulata during acclimation to differentwater salinities and noticedEn
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144 M.M. Lauer et al. / Comparative Biochemistry and Physiology, Part C 156 (2012) 140–147that the substrate for energy production required for osmoregulation
varies seasonally and is tissue-dependent. In summer, crabs submitted
to hypo-osmotic stress (freshwater)may use free amino acids and glyc-
erol to sustain the adequate tissue glucose levels, especially through
gluconeogenesis, in cases where animals are not fed. In turn, crabs
subjected to hyper-osmotic stress (40 ppt salinity) likely use only glycer-
ol for gluconeogenesis. Crabs used in the present studywere also collect-
ed in the summer, were kept without food for 48 h before introduction
in the test chamber, and were not fed during the 96-h period of experi-
ment. Therefore, glycogen levels in their tissues were likely depleted,
and fuel necessary for glucose-dependent processes was likely obtained
through gluconeogenesis.
Glycolysis is the ﬁrst stage of carbohydratemetabolism, an anaerobic
process producing two molecules of ATP from one molecule of glucose
through 10 enzymatic reactions. Glucose is ﬁrst phosphorylated to
glucose-6-phosphate by hexokinase, one of the enzymes involved in
glycolysis regulation. Together with phosphofructokinase and pyruvate
kinase, it also coordinates the whole metabolic pathway functioning
(Nelson and Cox, 2009). The complete aerobic oxidation of glucose in
carbon dioxide and water involves the Krebs cycle and the oxidative
phosphorylation, and yields 32 molecules of ATP in the end (Fig. 8).En
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Fig. 6. Cytochrome c oxidase activity in anterior and posterior gills of control and
copper-exposed crabs at 2 and 30 ppt salinity. Different same-case letters indicate dif-
ferences between treatments at 2 and 30 ppt salinity, respectively. * denotes difference
between anterior or posterior gills of control crabs acclimated to 2 and 30 ppt salinity.
Data are expressed as mean±SEM (n=10).The ﬁnal product of glycolysis is pyruvate that under aerobic situation
is converted to acetyl coenzyme A, a compound that enters the Krebs
cycle, but under anaerobic condition it is converted to lactate by lactate
dehydrogenase. Pyruvate also has other destinations in the metabolism,
such as gluconeogenesis and amino acid synthesis. In turn, Krebs cycle is
responsible for the production of reduced coenzymes NADH and FADH2
employed by the electron transport chain to generate themitochondrial
membrane potential necessary for ATP production through the oxida-
tive phosphorylation (Campbell and Farrell, 2006).
Considering this background, any copper-induced disturbance in the
activity of one or more enzymes involved in the biochemical processes
described above could disrupt the energy balance at the gills level, with
important impacts on energy-dependent processes such as ionic/osmotic
and acid–base regulations in aquatic animals. In the present study, the ef-
fect of sublethal concentrations of copper on the activity of enzymes
involved in glycolysis, Krebs cycle and electron transport chain was eval-
uated in anterior and posterior gills of the estuarine crab N. granulata
acclimated to different salinities (2 and 30 ppt). The effect of copper ex-
posure on membrane potential of mitochondria isolated from anterior
and posterior gills was also considered. Results reported in the present
study indicate that copper exposure affected the activity of glycolytic
and Krebs cycle enzymes in gills of the estuarine crabN. granulata. How-
ever, the extent of the observed effects varied according to the crab ac-
climation salinity.
In anterior gills of hyperosmoregulating crabs, hexokinase (Fig. 1),
phosphofructokinase (Fig. 2), pyruvate kinase (Fig. 3), and citrate
synthase (Fig. 5) activities were reduced after copper exposure. How-
ever, lactate dehydrogenase activity was markedly increased (Fig. 4).
These ﬁndings indicate that exposure to waterborne copper led crabs
to a situation of physiological hypoxia, inducing a change from aero-
bic to anaerobic metabolism. This statement is based on the fact that
lactate dehydrogenase activity is considered as an index of anaerobic
potential of a tissue while citrate synthase activity reﬂects its aerobic
capacity (Somero and Childress, 1980).
In turn, posterior gills of hyperosmoregulating crabs exposed to cop-
per showed reduced hexokinase (Fig. 1) and pyruvate kinase (Fig. 3) ac-
tivities, while phosphofructokinase (Fig. 2) and lactate dehydrogenase
(Fig. 4) activities remained unchanged. In this case, citrate synthase ac-
tivity (Fig. 5) was increased. Taken altogether, these ﬁndings suggest
that acetyl coenzyme A needed in Krebs cycle is derived from another
source than pyruvate generated in the glycolysis. Possibly β-oxidation
of fatty acids is providing the necessary acetyl coenzyme A. Luvizotto-
Santos et al. (2003) showed that gill lipid content was decreased during
hypo-osmotic stress, indicating that lipids might be serving as energy
substrates for acetyl coenzyme A formation in the estuarine crab
Fig. 8. Schematic ﬁgure showing the pathway of glucose until oxidation.
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acidsmight also be used for glucose synthesis through gluconeogenesis,
as proposed by Nery and Santos (1993).
The decreased hexokinase activity observed in both anterior and
posterior gills of hyperosmoregulating crabs exposed to copper (Fig. 1)
can be explained considering a hypoglycemia condition, as proposed
by Medesani et al. (2001). These authors also exposed N. granulata to
copper in brackishwater (12 ppt salinity), but at a lower copper concen-
tration (0.1 mg/L) for a longer period of time (2 weeks). In fact, they ob-
served a reduced hemolymph glucose level in copper-exposed crabs, as
well as insensitivity to the crustacean hyperglycemic hormone (CHH).
This hormone is responsible for themaintenance of the hemolymph glu-
cose level in crustaceans and is generally elevated in animals under
stressing conditions (Lorenzon, 2005).
Phosphofructokinase activity was inhibited in anterior gills of
hyperosmoregulating crabs exposed to copper, but not in posterior gills
of these animals (Fig. 2). Additionally, phosphofructokinase activity
(Fig. 2) was lower than hexokinase activity in anterior gills of copper-
exposed crabs, as well as in posterior gills of control crabs (Fig. 1), indi-
cating the predominance of the pentose phosphate pathway over glycol-
ysis in both situations (Chang and O'Connor, 1983). Pentose phosphate
shunt is responsible for the production of NADPH, an essential cofactor
for glutathione reoxidation, thus counteracting a possible oxidative
stress condition caused by copper exposure (Carvalho and Fernandes,
2008). A difference in phosphofructokinase activity was also observed
between anterior and posterior gills of control crabs (Fig. 2), with the lat-
ter showing a lower enzyme activity, indicating a shift in the glucose-
6-phosphate fate. In turn, the pyruvate kinase inhibition observed in
both gill types (Fig. 3) could be due to a copper-induced displacement
of the Mg2+ necessary for the proper function of kinases, leading to a
phosphoryl transfer inhibition. This effect could affect not only the hexo-
kinase activity, but also the phosphofructokinase activity.
In isosmotic crabs, posterior gills showed higher hexokinase activity
than anterior ones (Fig. 1). Thisﬁnding associatedwith the trend in phos-
phofructokinase activity data, where anterior gills present a higher activ-
ity than posterior ones (Fig. 2), suggests a differential fate of glucose-
6-phosphate in anterior and posterior gills. In the ﬁrst, glycolysis seems
to be the main pathway, while in the latter the main pathway seems to
be the pentose phosphate shunt, which could indicate a need for
NADPH to regenerate glutathione. Oliveira et al. (2005) observed a
higher antioxidant protection in posterior than in anterior gills of
N. granulata, probably to protect Na+, K+-ATPase from ROS damage.
In this context, it is important to note that phosphofructokinase ac-
tivity (Fig. 2) was lower than hexokinase activity (Fig. 1) in bothanterior and posterior gills of copper-exposed crabs, as it was seen in
anterior gills of hyperosmoregulating crabs. These ﬁndings indicate
that glucose-6-phosphate phosphorylated by hexokinase could be feed-
ing the pentose phosphate shunt. In this case, an effect on NADH pro-
duction would be then expected in anterior gills of copper-exposed
crabs since Krebs cycle would be compromised, as indicated by the ob-
served reduction in citrate synthase activity (Fig. 5). Although posterior
gills of copper-exposed crabs showed a reduced pyruvate kinase activ-
ity (Fig. 3) and an increased lactate dehydrogenase activity (Fig. 4), no
changewas observed in citrate synthase activity (Fig. 5). These ﬁndings
indicate that energy in posterior gills is still mainly obtained from the
aerobic metabolism even after copper exposure, with acetyl coenzyme
A being provided by another source than glycolysis. Finally, the ob-
served increase in hexokinase activity in both anterior and posterior
gills of isosmotic crabs exposed to copper suggests a hyperglycemia
condition. Since crabs were fasting during the 96-h period of copper ex-
posure, it is possible that glucose needs were provided through gluco-
neogenesis (Nery and Santos, 1993).
Regardingmitochondrial parameters, a clear absence of copper effect
on cytochrome c oxidase activity was observed in all experimental con-
ditions, i.e. anterior and posterior gills of crabs acclimated to 2 and
30 ppt salinity. This lack of response was also observed by Hansen et
al. (1992) in the crab Carcinus maenas exposed to copper. Since this en-
zyme depends on copper to function properly, one could consider that
it would be insensitive to copper. Despite the lack of copper effect on
cytochrome c oxidase activity, membrane potential of mitochondria iso-
lated fromanterior gills of hyperosmoregulating crabs exposed to copper
was reduced. However, no copper effectwas observed in isosmotic crabs.
Mitochondrial membrane potential is crucial for ATP production by mi-
tochondria. It is sustained by the transport of H+ by four enzymatic com-
plexes that together form the electron transport chain, since electrons
move from one complex to the other. Cytochrome c oxidase is also
named complex IV and is responsible for the transport of electrons
from cytochrome c to oxygen, which is reduced to water (Campbell and
Farrell, 2006). Since no copper effect on cytochrome c oxidase was ob-
served, the copper-induced decrease in membrane potential observed
in mitochondria isolated from anterior gills of hyperosmoregulating
crabs could be thus explained considering an impairment of one of the
other enzymatic complexes or even amembrane uncoupling. If enzymat-
ic complexes are affected, less H+ is pumped to the mitochondrial
intermembrane space reducing the H+ motive force and consequently
the membrane potential. If uncoupling occurs, H+ leaks from the
intermembrane space also reducing the H+ motive force and the
membrane potential, although oxygen is still reduced. In fact, mild
146 M.M. Lauer et al. / Comparative Biochemistry and Physiology, Part C 156 (2012) 140–147uncoupling occurs naturally to diminish reactive oxygen species for-
mation (Abele et al., 2007). It is important to note that both possibil-
ities have the same consequence: a reduction in mitochondrial ATP
production.
5. Conclusions
Findings reported in the present study show that copper affects gly-
colysis and Krebs cycle enzymes, being more toxic to anterior gills of
hyperosmoregulating crabs. In this case, copper exposure would be
leading to a shift from aerobic to anaerobic metabolism, characterizing
a situation of functional hypoxia. Also, data suggest that copper expo-
sure is likely inhibiting the mitochondrial ATP production in anterior
gills of crabs acclimated to low salinity. Although the activity of some
gill enzymes of isosmotic crabs was also affected by copper exposure,
data suggest that no signiﬁcant impact on the gill ATP production oc-
curred. Furthermore, they suggest a possible induced stimulation of
the pentose phosphate pathway to support the requirements of the an-
tioxidant system in gills of isosmotic crabs exposed to copper. Finally,
data reported in the present study demonstrate that even though
N. granulata is very tolerant to copper, acute exposure to excessive
concentrations of thismetal in thewater can cause disruption in gill bio-
chemical systems and a consequent imbalance of energy.
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